The present study involves the shock wave and consequent vortex loop generated when a shock tube with various nozzle geometries is employed. It aims to provide quantitative and qualitative insight into the physics of these compressible phenomena. The geometries included two elliptic nozzles with minor to major axis ratios of 0.4 and 0.6, a 15 mm circular nozzle and a 30 × 30 mm square nozzle. The experiments were performed for driver gas (air) pressures of 4, 8 and 12 bar.
I. INTRODUCTION
Supersonic free jets are found in many applications involving jet and rocket propulsion, thrust vectoring, fuel injectors for supersonic combustion, gas stream emanating from the blast of a gun etc. Studies have shown that the major flow structure of supersonic jets is determined by nozzle pressure ratio and geometry.
1,2 Non-circular jets provide efficient passive flow control at relatively low cost since they rely solely on changes in the geometry of the nozzle. The applications include improved large and small scale mixing, enhanced combustor performance, noise suppression, heat transfer, and thrust vector control (TVC).
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Non-circular injectors such as elliptic, triangular, and square nozzles are used to improve combustion processes by augmenting heat release, reducing emissions, and improving flame stability. Investigation into the properties of non-circular jets has been motivated by their enhanced characteristic entrainment properties relative to those of comparable circular jets. 4 This enhanced entrainment is believed to be mainly the result of self-induced vortex ring deformations.
Due to the sensitivity of flows with concentrated vorticity to insertion of any probes, it is difficult to obtain accurate global measurements. Questions regarding the strength and location of vorticity in a particular flow need to be investigated. Vorticity is often compact, even though the velocity and pressure fields extend everywhere, and remains so by virtue of the Helmholtz laws of vortex motion, apart from viscous diffusion. 5 A great deal of research is still ongoing to understand the physics of incompressible turbulence, and the presence of large property gradients characteristic of compressible flows exacerbates the complexity of the situation.
Detonations are distinguished from shock waves by the presence of an intrinsic length scale associated with a reaction zone. 6 The study into the evolution of detonation waves that suddenly expand has been motivated not only by the need to suppress accidental detonations but also in the interest of the applicability of such flows to the concept of pulse detonation engines (PDEs). [7] [8] [9] [10] [11] [12] Upon diffraction of the detonation wave from a PDE, a vortex loop is formed immediately behind it.
Vortex loops exemplify the whole range of problems of vortex motion, and are relatively easy to produce. Once created, vortex loops are self-contained, auto motive and quite longevous. 13 Their formation is a problem of vortex sheet dynamics, the steady state is a problem of existence, their duration is a problem of stability, and if there are several we have the problem of vortex interactions.
No matter the initial conditions in which a vortex loop is generated, there are three stages in the propagation of a vortex loop: formation, development and decay. Although numerous authors have studied both experimentally and numerically the formation, propagation and decay of incompressible vortex rings, [14] [15] [16] [17] [18] [19] [20] relatively speaking, not much work covering the compressible 21, 22 and detonation 23 regimes have been reported. Some numerical simulations assume an incompressible flow, while others take into account the effects of compressibility. [24] [25] [26] What almost all of the numerical studies have in common is the assumption of axisymmetric flow, hence minimising computational time and requirements.
The following cold-flow study examines the diffracted shock wave pattern and the resulting vortex loop emitted from a shock tube of various exit geometries, and aims to provide a baseline for the future incorporation of an ejector at the exit of the tube. Three diaphragm pressure ratios of P 4 /P 1 = 4, 8, and 12 have been investigated.
Qualitative (schlieren and shadowgraphy) and quantitative (PIV) techniques have been utilised to elucidate the characteristic behaviour associated with compressible vortex loops of various shapes; such as the phenomenon of axis switching, instability vortices within the trailing shear layer due to Kelvin-Helmholtz (K-H) instabilities, the formation of counterrotating vortex loops ahead of the main one, the presence of an embedded shock wave within the main vortex loop, and finally the azimuthal instabilities which are believed to be the signal for the onset of vortex breakdown.
II. EXPERIMENTAL SETUP

A. Shock Tube
Experiments have been carried out using air as both the driver and driven gas with diaphragm pressure ratios P 4 /P 1 = 4, 8 and 12. With P 4 being the pressure within the driving compartment of the shock tube, and P 1 the pressure inside the driven section.
An industrial film diaphragm divides the two sections of the shock tube. The thickness of the diaphragm was chosen to be 23, 55 and 75µm for P 4 /P 1 = 4, 8 and 12 respectively.
The diaphragm thicknesses corresponding to each pressure ratio were identical to those used by Kontis et al. 27, 28 They were chosen for being the minimum required to sustain the desired pressure without spontaneously rupturing them. The bursting of the diaphragm was initiated manually with a plunger. The tube was flushed with air after each run to remove any pieces of burst diaphragm.
Various adaptors were designed that could be attached to the end of the circular shock tube section (baseline) with i. respectively. This produces a pulsed upstream condition where the duration and magnitude of the pulse can be controlled up to the nozzles' inlet. [28] [29] [30] The nozzle inlet conditions are not known and the flow conditions at the exit of the nozzles in terms of pressure and velocity vary in time. These will change for a fixed driver pressure when different nozzle geometries are used both because of different mass flows, inlet pressures and the transverse waves set up.
B. Schlieren and Shadowgraphy
High-speed schlieren and shadowgraph photography 31, 32 were employed to visualise the flow. The schlieren setup was identical to that used by An et al. 33 and is shown schematically in Fig. 1 . A transducer placed 660 mm from the diaphragm along the driven section of the shock tube (labelled T1 in Fig. 1 ), was used to trigger the flash lamp and to capture a single image. The pressure pulse generated by the passage of the shock wave acted as the trigger. Using an external delay generator the triggering of the flash lamp could be delayed and a sequence of images was captured. The exit times of the shock front from the different nozzles were different for a given incident shock and driver pressure due to changes in nozzle geometry.
C. Particle Image Velocimetry
Particle Image Velocimetry is based on the measurement of the velocity of tracer particles carried by the fluid. 34 For the current study, a high frame rate (1500 frames per second at 1024 × 1024 pixels resolution) PIV system consisting of a high repetition rate laser (10 mJ at 1 kHz) for illumination, with a light arm for easy manipulation of the laser beam and a range of light sheet optics was used. A high frame rate camera (Photron APX RS) was employed. The data were recorded in an on-board memory of 8GB. A model 9306A T SI six-jet atomizer was used to generate oil droplets as small as 1µm in diameter. 35 The particle relaxation time 36 for a 1 µm olive oil particle was calculated as τ = 2.2 µs.
A synchroniser allows control of timing of capture and has the facility for external inputs for triggering the PIV system. A high specification PC with T SI's Insight PIV software installed enables data download and analysis. In addition, TecPlot 10 is also loaded for data display and analysis (with TSI Plot PIV add-on).
The transducer placed along the shock tube (labelled T1 in An enclosure was designed which encased the exit of the shock tube. Prior to each run, this enclosure was filled with tracer particles along with the driven section of the shock tube.
The PIV setup is shown schematically in Fig. 2 .
III. RESULTS AND DISCUSSIONS
A. Experimental Uncertainty
Uncertainty estimation given by Holman 38 has been used to determine the uncertainties, in the form of error bars, in plotting the various vortex loop properties, such as nondimensional vortex loop diameter and distance travelled. The error analysis takes into consideration the resolution of the system, and the error due to the image processing.
The repeatability of the experiments is determined by: (i) setting the same driver pres-sure, (ii) having the same delay time output from the delay generator, and (iii) triggering the laser and camera at two consecutive frames separated by ∆T . The aforementioned procedure was repeated twice and the location of the vortex loop for the two cases was compared frame by frame. The maximum difference between the location of the vortex loop for the sets of repeats was calculated as 1.5%.
B. Flow Properties
Once the expansion wave from the end of the driver arrives at the nozzle exit it will reflect differently from the different nozzles and thus will superimpose different efflux conditions.
The experimental Mach number of the shock at the exit M se , for the various driver pressures and nozzles used, is calculated from the PIV velocity data as the shock exits the tube. Table   I gives the experimental conditions for the different test cases.
As the incident shock travels along a converging nozzle, such as the circular one, it is strengthened by the area reduction. [39] [40] [41] [42] For the square nozzle, however, since the area is increased, the strength of the incident shock is reduced. Chisnell 39 derived a first order relationship between changes in area and shock strength for a shock moving through a small area change. Given the value of the shock strength (z) on encountering an area change in a channel and the ratio of the areas at the ends of the variable area section, the strength of the emerging shock can be obtained. For the present cases, it has been calculated and the theoretical Mach numbers are presented in Table I . The differences between the experimental and theoretical Mach numbers are also given in the same table.
Discrepancies between the theoretical and experimental results are attributed to the disturbances generated by the motion of the incident shock, especially at higher Mach numbers (the circular nozzle case) where the effects of these disturbances are more pronounced due to higher pressure ratios. Experiments performed by Bird. 42 showed that with a gradual area change (similar to the present study) the experimental value of the shock strength is much closer to the theoretical ones. In a situation where the strength varies rapidly along the shock front, this bears little relevance to the true unsteady shock strength at a given point on the front. The average value approximates to the unsteady strength only when applied to a portion of the shock front across which the strength is not changing rapidly.
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The Re number, Re = ρu p L/µ, was calculated in terms of the density behind the incident shock ρ, the induced velocity behind the incident shock u p obtained from PIV measurements, and the dynamic viscosity (µ) corresponding to the flow behind the incident shock. The length scale (L) used in the calculation of Re is dependent on the shape of the nozzle wave and accompanying vortex loop is best viewed in Fig. 4 (a). The vortex loop generated from shock diffraction is due to baroclinic effects.
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Unlike conventional circular vortex loops, when a change in radius of curvature is introduced to the nozzle generating the vortex loop, it leads to a non-uniform translational velocity downstream. From Fig. 4 , the portion of the loop that is generated from the corners has a greater velocity downstream of the nozzle leaving the upper and lower parts of the vortex loop behind. This phenomenon results from self-induced Biot-Savart deformation 3 of vortex loops with non-uniform azimuthal curvatures. The parts which are travelling slower downstream are in fact travelling outwards tending to stretch the vortex loop in the vertical direction ( Fig. 4(b) ). In the same figure we notice the presence of a vortex pair just behind the primary vortex loop.
Observing Figs. 5(a) and 5(b), which show the vortex loop behaviour at later times, we begin to see small instability vortices to form. This observation has also been made on circular vortex rings. 30 At the same time that these vortices begin to form in the shear layer we notice the distortion of the vortex loop from its near perfect shape. These instabilities grow with time as seen in Fig. 5(b) . In Fig. 5(b) there appears to be a smaller vortex loop just ahead of the primary one. The direction of circulation is similar to the primary loop, indicated by the bright and dark colours of the cores. This is the same vortex pair that was initially identified in Fig. 4(b) . The generation of the vortex is attributed to the occurrence of a velocity peak at the nozzle exit. In Fig. 6(a) we can see the presence of the incident shock wave depicted by the vectors and also the emergence of the vortex loop. We can immediately conclude that the maximum velocities occur within the region of the vortex loop and also just in front of it. This is because at these locations the flow is accelerated due to the combined circulation of the upper and lower cores. As the vorticity of the main cores continues to grow so does the strength of the vortices within the shear layer, suggesting a relationship between the strength of the primary vortex loop and that of the shear layer instability vortices. During the laminar phase, the core structure is highly concentrated with peak vorticity values as shown in Fig.   6 (b). Azimuthal bending instabilities mark the beginning of the transition stage; the upper and lower cores become deformed and show signs of the turbulent breakup ( Fig. 6(c) ). The turbulent stage is characterised by a strong shedding process into the wake of the vortex loop, indicated by the formation of small and concentrated vorticity regions in the periphery of the core regions. However, the vorticity distribution in the core region remains concentrated. In Fig. 7(a) we observe the formation of the diamond shock structure behind the vortex loop. These are formed by the reflection of the expansion fan at the jet boundary as a compression wave. The compression waves coalesce into shock waves undergoing either regular or Mach reflection depending on the underexpansion of the jet. 51 A small flattening of the vortex loop apex is also apparent in the aforementioned figure due to the deceleration of the flow through the diaphragm shock. The embedded or diaphragm shock is best visible in Fig. 7(b) with the nozzle rotated. For non-axisymmetric jets the level of underexpansion can be different for the same jet when viewed from different directions due to the complex jet geometry and the aspect ratio.
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At later times (Figs. 7(c) and 7(e)) the vortex loop increases in size while being stretched in the vertical direction. Just after the central portion of the diaphragm shock, the flow is divided into two regions: (i) the flow along the central portion generated due to the presence of the rear-ward facing diaphragm shock; and (ii) the flow above and below the central axis divided by two slip streams in Fig. 7(c) . The slipstream is generated in order to accommodate the turning motion of the flow passing through the diaphragm shock and drawn into the circulation of the cores. 53 The rotated image of Fig. 7(d) shows the flow becoming more turbulent between the primary vortex loop and the jet flow behind it. This is indicated by the increase in the small vortices visible in the shadowgraph.
What it can be discerned from Figs. 7(e) and 7(f) is that the vortex loop does not expand along the major axis as much as along the minor one due to the phenomenon of axis switching.
Analysis of the PIV images shown in Fig. 8 , which correspond to the same flow conditions as in Fig. 7 , indicates the strong centripetal force present in the core of the vortex loop causing the particles within the core to be thrown out, especially at later times.
At high Reynolds numbers, vortex loops become even more unstable and shed significantly more vorticity into the wake. The wake of the vortex loop is instability free in the initial phases of propagation ( Fig. 8(a) ). In Fig. 8(b it sheds vorticity into its wake ( Fig. 8(d) ) as it leaves the field of view. This result was also obtained in the direct numerical simulations (DNS) of viscous, laminar vortex rings by James and Madnia. 54 Eventually, the vortex loop motion ceases as all of its vorticity is deposited into the wake and is spread by viscous diffusion.
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With increasing driver pressure, the vortex loop development is accompanied by the generation of intense disturbances. 56 This can be seen in Fig. 9 . This is due to the interaction between the diaphragm shock present within the core of the vortex loop. Strong interactions involve significant deformation of the shock wave due to the vortex and include the production of secondary shocks due to the phenomenon of shock splitting. 57, 58 The edges of the initially planar diaphragm shock are drawn into the cores of the vortex and diffract around it. This leads to the generation of compression waves around the periphery of the primary loop. The vorticity profile for the extremum of pressure setting is qualitatively similar to that of the intermediate pressure presented in Fig. 8 .
With increasing driver pressure and hence Mach number, the slipstream increases its angle relative to the horizontal. This causes the diameter of the vortex loop to be innately larger at higher Mach numbers, as shown in Fig. 10(a) . The diameter of the vortex loop, D r , is non-dimensionalised with reference to the minor axis of the nozzle, d i . The dimensionless time (t − t 1 ) × U s /d i is based on the specified time t, the time of the initial emergence of the vortex loop t 1 , the corresponding shock wave velocity U s , and the minor axis of the nozzle d i . At the lowest driver pressure (4 bar), the diameter of the vortex loop grows to approximately four times the height of the minor axis; afterwards it seems to remain almost uniform. However, further studies are required to justify the latter statement. This value is 4.5 for the intermediate driver pressure. Following the same trend, one would expect the vortex loop with the extreme driving pressure to behave in a similar fashion, however, sufficient data is not available to confirm this. The rate the vortex loop travels, shown in 
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Observing the PIV results for this particular nozzle, shown in Fig. 12 , we note the reduced magnitude of vorticity in comparison to the smaller elliptic vortex loop case (Fig.   6 ). The region of the entrained ambient fluid for the larger elliptical vortex loop is much greater compared the smaller vortex loop. The vorticity continues to grow until it reaches a maximum at the point known as pinch-off where the vortex loop separates from the flow exiting the tube which used to feed energy into the vortex loop. 30 According to Shusser and Gharib:
19 at the vortex pinch-off the translational velocity of the ring equals to the jet flow velocity near the vortex loop. This location, is indicated by the increase in vorticity and also the reduction in the flow velocity between the main vortex cores and the exit of the tube ( Fig. 12(b) ).
Kelvin-Helmholtz (K-H) shear layer instabilities on the gas front of the jet generate vortices behind the primary vortex loop. 24 The development of these instabilities on the shear layer generally results in an S-shaped pattern containing pair of vortices of the same sign. K-H instability development is due to the presence of a velocity jump at the interface between the flows exiting the tube and the ambient. K-H instabilities are minimised when the velocity of the inner and outer jets are similar. 61 This can be seen when comparing Figs. 12 and 13. Figure 14 shows the flow characteristics at three different times using the maximum driver pressure for the current nozzle (P 4 = 12 bar). In Fig. 14(a) we can observe the diffracted incident shock wave along with the vortex loop with the diaphragm shock wave.
The diaphragm shock is carried along at the same speed as the vortex loop. 62 It is a rearward facing shock such that there is low pressure to the left of the shock and high pressure to the right. The diaphragm shock forms because the subsonic flow is accelerated to sonic velocity as it expands around the corner and the sonic line is then followed by a PrandtlMeyer expansion and then by the upward facing shock necessary to balance the pressures.
According to Sun and Takayama 63 the smallest incident shock Mach number M s at which a secondary shock wave starts to appear is M s = 1. 34 . In the same figure we notice the formation of a small cone shaped nozzle along the central axis of the vortex loop. This is due to the Mach reflection of the shock waves within the jet. The shadowgraph of the flow with the nozzle rotated 90 o shows the affect of nozzle aspect ratio on the behaviour of the flow ( Fig. 14(b) ).
At a later time (Figs. 14(c) and 14(d)), the deceleration of the flow caused by the generation of a counter-rotating vortex loop ahead of the primary one becomes intensified.
The jet boundary deforms by contracting upstream of the vortex and expanding downstream, antisymmetrically about the vortex plane ( Fig. 14(c) ). This deformation of the jet boundary results in a transfer of momentum from the jet to the vortex ring, so that its radius gradually increases. In Fig. 14(c) we see compression waves emanating from the two vortex cores as result of the interaction between the vortex and the now slightly curved diaphragm shock.
These waves are, however, not visible in the rotated nozzle case due to the three dimensional nature of the flow.
As the vortex loop continues to grow due to entrainment and viscous effects, it becomes quite bulky in shape ( Fig. 14(e) ). The diaphragm shock visible in Fig. 14(f) slows down the flow across it and creates an indent in the apex. Due to nozzle geometry and the local interaction between waves in the flowfield, 64 the shock patterns in the trailing jet are different in Figs. 14(e) and 14(f).
The location of the incident shock as well as the formation of the vortex loop is identifiable in PIV results presented in Figs. 15(a) and 15(b) . The vortex loop expands immediately after its generation, causing a fast increase in vortex loop diameter. The counter-rotating vortex loop ahead of the primary one is also visible in the modified vorticity contour of Fig. 
15(c).
As the vorticity diffuses out of the body of the moving vortex loop into the outer irrotational fluid, it has two effects: (i) it causes some of the fluid, with newly acquired vorticity, to be entrained into the interior of the bubble (Fig. 14(e) ), while (ii) the rest is left behind and accounts for the appearance of vorticity in a wake ( Fig. 15(d) ).
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The maximum non-dimensional diameter of the 0.6 elliptic vortex loop is relatively smaller than the previously discussed 0.4 vortex loop case (see Fig. 16(a) ). The difference between the vortex loop diameters at different driver pressures is more pronounced. The general behaviour is that the vortex loop diameter continues to grow until approximately 7 time steps, where it reaches a uniform size. The rate of propagation of the vortex loop is quite linear with time, it is not affected by the change of vorticity strength along its path.
Circular Nozzle
The shadowgraphs revealing the motion of the rather small circular vortex ring are presented in Fig. 17 . Unlike the vortex loops presented so far, in this particular case the entire ring has the same translational velocity in the initial stages of propagation. The adverse pressure gradient due to the diaphragm shock causes the flow to decelerate more near the central region compared to the edge of the embedded shock which results in a strong velocity gradient. Thus, a shear layer is formed ahead of the ring which rolls up due to Kelvin-Helmholtz instability into a counter rotating vortex ring ( Fig. 17(a) ). The circulation of the counter rotating vortex ring is opposite to that of the primary ring and hence, the self induced velocity of it is towards the upstream direction. It rolls over the periphery of the primary loop (Figs. 17(b) and 17(c)) and moves in the upstream direction with respect to the primary ring. Eventually it is ejected from the primary ring, continues to move in the upstream direction relative to the primary ring and interacts with the trailing jet ( Fig. 17(d) ). In Fig. 17(b) the segment containing the Mach reflection along with the consequence slip line and triple point have been enlarged in the figure.
The PIV results indicate that as the vortex ring is generated and travels downstream ( Fig. 18(a) ), the circular shape of the core begins to deform. This is depicted in the vorticity contours of Figs. 18(b) and 18(c) . This is due to the generation of the secondary vortex loop ahead of the primary one described in Fig. 17 , which decelerates the flow at the apex of the primary loop leading to the flattening of the vorticity contours visible in Fig.   18 (c). As the secondary vortex loop passes over the periphery of the primary one and into its wake, the cores are stretched downstream and the ring loses its symmetry while the local vorticity intensifies as it is shown in Fig. 18(d) . This behaviour is similar to the numerical findings by Archer et al. 65 The shear layer instabilities fed into primary loop, increase in magnitude and irregularity leading to a very random motion within the shear layer. As vorticity is dumped into the wake in Fig. 18(e) , its magnitude within the primary vortex loop begins to decrease gradually ( Fig. 18(f) ). The counter-rotating vortex loop which has now passed over the periphery of the primary vortex loop can be identified in the modified vorticity field of Fig. 18 (f).
In the oblique schlieren view presented in Fig. 19(a) , the vortex loop along with the shock interactions can be seen. The secondary counter-rotating vortex loop is also apparent.
Through Figs. 19(b)-19(c) we notice the growth of the secondary vortex loop together with
the formation of a Mach disk. In Fig. 19(c) , the diameter of the counter-rotating vortex has grown larger than the primary loop as it begins to pass over it.
Although for lower driver pressures the vortex core is nearly circular, for higher pressures, however, the vortex cores are spread due to the higher stream-wise velocity. The vorticity contours of Fig. 20 show how the vortex cores are bent outwards as the counter-rotating vortex moves around it (Figs. 20(a)-20(d) ). The magnitude of the vorticity of the primary loop changes as it interacts with the secondary one tending to decrease. This is because once the counter-rotating vortex loop is aligned vertically with the primary loop, the circulation of the secondary vortex loop reduces the vorticity magnitude of the primary one, because they are acting in opposite directions. After the secondary loop has passed completely into the wake of the primary one, the vorticity of the primary vortex loop increases ( Fig. 20(e) ) until it becomes turbulent and begins to shed significant amounts of vorticity ( Fig. 20(f) ).
The increased amount of streamwise vorticity within the wake signals the beginning of vortex loop decay. The study of Bergdorf et al. 66 revealed that the streamwise vorticity consists of axial structures shed along the wake of the vortex loop and large-scale vortex structures that are still attached to the inside of the vortex loop.
The change in vortex loop properties with time are given in Fig. 21 . For all driver pressures investigated, the rate of vortex loop growth varies linearly with time but begins to level after a distance equal to 2d i , 2.5d i , and 3.25d i in order of increasing driver pressure, where d i is the internal diameter of the tube. The rates of propagation for the two higher driver pressures where we have the presence of the diaphragm shock are similar. It is conjectured that the presence of the diaphragm shock makes independent the initial flow conditions; at a lower driver pressure the strength of the shock is smaller as are its effects, for a higher driver pressure the effects of the diaphragm shock are stronger. Hence, the effects are relative, and because the diaphragm shock is moving with the vortex loop it influences the rate of propagation.
Square Nozzle
The vortex loop shown in Fig. 22 is initially square and coplanar. The induced velocity is highest in regions of the highest curvature. 67 This is due to the non-uniform flow expansion which is higher near the corners than the side walls. Axis switching is caused by the azimuthal non-uniformities. It results from a faster growth rate of the jet's shear layers in the direction of minor axis than that of the major axis. In a square jet, the minor and major axes are denoted as directions normal to the flat side, and along the diagonal direction, respectively.
Wang et al. 61 observed four pairs of vortices (each located at the end of the major axis)
occurring close to the nozzle at x/D e = 0.28, as shown in Fig. 23(a) (where D e is the equivalent diameter of the square nozzle). The fluid between the two vortex pairs is induced inwards (inflow pair). The inflow vortices result in a contraction of the jet cross-section in the direction of the major axis. With downstream distance, each vortex pair moves towards the jet centreline due to the mutual induction and, as a result, the two adjacent vortices on a side move closer to each other and form an outflow pair. Consequently, the cross-section rotates 45 o at x/D e = 1.25 ( Fig. 23(b) ).
The results of the PIV experiments performed on the square nozzle ( Fig. 24) revealed that almost as soon the vortex loop is generated there appear instability vortices within the shear layer leading up to the vortex cores and also in the region between the two upper and lower cores (Figs. 24(b) and 24(c) ). In the PIV images presented in Fig. 24 we can notice that the induced vorticity field of the two cores is stretched in the stream- The diameter of the vortex loop increases quite rapidly during the first segment of the vortex loop propagation for all driver pressures tested ( Fig. 26(a) ). The diameter then saturates and after a short period it again continues to increase. Up to the point where the diameter initially increases, the rate at which the vortex loop travels is independent of flow Mach number ( Fig. 26(b) ). As soon as the vortex loop diameter begins to level off (approximately 5 time steps), the rate of propagation of the vortex loop for the different driver pressures, begin to diverge, with the vortex loop formed by the lower driver pressure covering the least distance and the vortex loop generated by the higher driver pressure covering the most.
D. Conclusions
The present study involved the shock wave and consequent vortex loop generated when a shock tube with various nozzle geometries is employed. These include: two elliptical nozzles with minor to major axes ratios of 0.4 The PIV analysis revealed that for some cases, for example, the elliptic vortex loop with axes ratio of 0.4, the vorticity is somewhat focused around the main vortex cores while in other cases, such as the square vortex loop, the area which is influenced by the cores is stretched in the stream-wise direction.
For almost all the driver pressures and shapes studied, the rate of vortex loop propagation is independent of flow Mach number. This takes into account the presence of the diaphragm shock and also the counter-rotating vortex loop which is generated at certain flow conditions.
A feature which has been present in all the cases studied is the presence of the instability vortices in the wake of the main vortex loop. Although these tiny instabilities start off as very weak, they soon become stronger and more distributed within the region bounded by the upper and lower vortex cores. It is these random disturbances which are initially fed through the shear layer which eventually give rise to the azimuthal disturbances leading to the complete random, irregular, and chaotic motion of the flow.
Further PIV studies will be conducted to analyze the vortex loops generated by rotating the nozzles so that we are looking at the vortex loops from a different perspective. The new set of PIV measurements will also include the study of the flow when the light sheet is placed normal to the direction of travel so that we can capture the entire vortex loop as viewed from the front. By doing so we may be able to capture the vortex pairs at the corners which cause the phenomenon of axis switching. 
